Whether virtual rehabilitation is beneficial has not been determined. Objective: To investigate the psychological benefits of virtual reality in rehabilitation. Design: An experimental group underwent therapy with a virtual-reality-based exercise bike, and a control group underwent the therapy without virtual-reality equipment. Setting: Hospital laboratory. Patients: 30 patients suffering from spinal-cord injury. Intervention: A designed rehabilitation therapy. Main Outcome Measures: Endurance, Borg's rating-of-perceived-exertion scale, the Activation-Deactivation Adjective Check List (AD-ACL), and the Simulator Sickness Questionnaire. Results: The differences between the experimental and control groups were significant for AD-ACL calmness and tension. Conclusion: A virtual-reality-based rehabilitation program can ease patients' tension and induce calm.
tion. 8 There has not been much focus on patient psychology, however, especially in the disabled, in a virtual rehabilitation environment. Whether virtual rehabilitation proves to be psychologically beneficial to patients needs to be clarified.
Our previous research 12 in the human physiological response demonstrated a significant increase in cycling time, distance, and caloric expenditure as healthy seniors and juniors were immersed in a VR world and enjoyed their virtual riding. The psychological benefits for patients from VR in rehabilitation therapy are still not clear, however. This study investigated the effect of virtual rehabilitation on the psychology of disabled patients. Thirty subjects suffering from spinal-cord injury were recruited and randomly assigned to the experimental and control groups. The experimental group underwent a designed rehabilitation therapy with a VR-based exercise bike, and the control group underwent the same therapy without VR. Endurance, Borg's rating-of-perceived-exertion (RPE) scale, the Activation-Deactivation Adjective Check List (AD-ACL), and the Simulator Sickness Questionnaire (SSQ) were measured after the therapy.
Methods Subjects
Thirty subjects (16 women and 14 men), ranging from 22 to 84 years old (mean 48.2, SD 18.07), participated in this study. All suffered similar injury types: incomplete low spinal-cord injuries (American Spinal Injury Association impairment-scale grades C and D at the spinal segments L1 to S2). Before the experiment, each subject was informed of the aims, methods, requirements, and potential hazards of the designed therapy and the subject's health status was assessed by a physician. After receiving the doctor's agreement, each subject provided informed consent to participate in the experiment.
All subjects were undertaking their regular programs before the experiment. To protect patients from risks, the experimental procedure was supervised by a clinically competent therapist and could be stopped at any time by the therapist's order or when the subject felt uncomfortable. After the experiment, all the subjects continued their regular physiotherapy programs under the oversight of their physician to ensure long-term physical and mental consequences.
System Configuration
The VR-based exercise bike consisted of an exercise bike, a desktop computer, a 100-in projector screen, a biofeedback instrument, and 3-dimensional virtual environments. The virtual environments were created using EON studio 4.0 from EON Reality, Inc, a software application for developing 3-dimensional interactive applications. The bike movements were simulated and appeared in the virtual environments in response to the subject's exercise. The virtual scene consisted of a 5-km-long straight and curved stretch of road, grass, and trees with a mountain background and was displayed on a 100-in projector screen. As the rider pedaled the exercise bike, the pedal speed was continuously measured using a dataacquisition card. All the data were processed in Visual Basic and stored in the computer.
The bike was installed with a fitness machine, which was managed by a computer to provide smooth and adjustable pedaling resistance. A biofeedback instrument, I-330-MiniC2-GP 13 from J&J Engineering, Inc, was used to measure subject heart rates. The stored data were analyzed off-line after the experiment.
Experimental Design
The experimental procedure was first approved by the institutional review board of the Taipei Veterans General Hospital for human research and adhered to the government's regulations for occupational health and safety. Thirty subjects were recruited and randomly assigned to the experimental and control groups, with 15 subjects in each group. Before being assigned to the experimental or control groups, each subject received a standard physiotherapy program on being admitted to the Taipei Veterans General Hospital. Subjects completed the AD-ACL and the SSQ. The AD-ACL is a multidimensional test of various transitory arousal states, consisting of 20 items with 4 subscales: energy, tiredness, tension, and calmness. The items are rated on a 4-point Likert scale. Higher scores reflect greater intensity of mood. The SSQ is an extensively used protocol for measuring reported simulator sickness. It partitions simulator sickness into 3 symptoms: nausea, oculomotor problems, and disorientation. The SSQ contains 16 items, scored on a 4-point scale. Scale symptoms are described as (1) no symptoms, (2) slight symptoms, (3) moderate symptoms, and (4) severe symptoms. The results were regarded as the subject's basic physical and psychological conditions. After the basic physical and psychological condition test, an examiner explained the experimental requirements to each subject and answered his or her questions. Each subject provided basic information including basic physical and psychological conditions, age, and body-mass index. Body-mass index was calculated by dividing body weight by the square of body height.
The experimental design was a 1-factor between-subjects design. The independent variable was the type of rehabilitation therapy provided. The 2 groups were the experimental and control groups. The dependent variables were the subjects' physical and psychological conditions including endurance, heart rate, RPE, AD-ACL, and SSQ to assess the influence of the rehabilitation therapy using VR.
The subjects in the experimental group underwent a designed rehabilitation therapy with a VR-based exercise bike, and the subjects in the control group underwent the same therapy without VR. The designed therapy procedure was endurance exercise on an exercise bike, as shown in Figure 1 . The subjects were asked to sit comfortably on the exercise bike and then to pedal at their preferred speed for as long as they could. The procedure could be stopped at any time by the subject or the supervising therapist. Every 1 minute during the procedure, subjects were asked to state their self-perceived physical strength based on Borg's RPE scale. To avoid a heart rate higher than a subject's target heart rate, the therapist monitored the heart rate constantly with a sensor J&J I-330 G2 attached to the subject's chest. After the procedure was finished, the subject answered the AD-ACL and SSQ. 
Measures and Statistical Methods
In this study, the AD-ACL was used to measure subjects' mood states. The AD-ACL 14-16 is a brief self-report checklist designed to measure momentary mood states and includes 4 subscales: energy, calmness, tension, and tiredness. The AD-ACL short form lists 20 items on a checklist and a 4-point scale to indicate the level to which the respondent agrees that the adjective indicates his or her current mood state. It has been validated by Thayer. 15, 16 The SSQ was used to evaluate simulator sickness. The SSQ, 17 based on nausea, oculomotor problems, and disorientation, is widely applied as a measure in simulator-sickness and cybersickness experiments and includes 16 symptoms commonly experienced by users of VR systems, rated on scales of none, slight, moderate, and severe.
The subjects in the experimental and control groups underwent endurance bicycling one time with and without VR, respectively. After the exercise the subjects answered the AD-ACL and SSQ.
A chart of Borg's RPE 18, 19 ranging from 6 to 20 was placed directly in front of the subjects during the therapy procedure. They were asked to rate their exertion according to the chart. The RPE scale is reliable and valid to evaluate perceived level of work intensity and exertion. [20] [21] [22] The scale describes 6 as minimal exertion and 20 as maximal exertion (eg, 7 = very, very light; 13 = somewhat hard;
= very, very hard).
Subjects' pedaling speed depended on their physiological condition. Because heart rate usually measures intensity of workload, 23 each subject's heart rate was recorded and constantly monitored by experiment assistants to avoid overload during the therapy. Each subject's maximum permitted heart rate was his or her target heart rate, defined as 85% of the age-predicted maximum heart rate, which is calculated by subtracting the subject's age from 220.
All recorded experimental data were analyzed by SPSS 11.0. The data of each dependent variable-the subject's endurance, heart rate, RPE, AD-ACL, and SSQ-were averaged to obtain mean values for the experimental and control groups. The Mann-Whitney U test and Wilcoxon signed-rank test were used to assess how virtual reality affected the psychology of disabled patients. A level of probability of P < .05 was considered statistically significant.
Results
The experimental and control groups' basic information, including basic physical condition, age, and body-mass index, are listed in Table 1 . The results of the Mann-Whitney U test showed that the 2 groups did not differ (P > .05). Table 2 lists the 2 groups' results on the AD-ACL (energy, tiredness, calmness, and tension) and SSQ (nausea, oculomotor problems, and disorientation) before receiving the designed rehabilitation therapy. The results of the Mann-Whitney U test demonstrated that the 2 groups did not differ (P > .05) in any psychological items. Table 3 presents the experimental results of endurance, heart rate, and RPE obtained from the experimental and control groups after the therapy. The average endurance of the experimental group was significantly longer than that of the control group (P = .002). There was no difference between the 2 groups for heart rate or RPE (P > .05). The AD-ACL and SSQ scores obtained from undertaking the designed rehabilitation therapy are listed in Tables 4 and 5 . There was a significant difference between the experimental and control groups for AD-ACL calmness (P = .042) and tension (P = .036). The results revealed no significant difference on the SSQ between the 2 groups. 
Discussion
In a previous study (unpublished) we examined how a VR world affected the performance of a fitness workout for healthy individuals using an exercise bike. The experimental results showed that for physiological signs, there were no statistically significant differences between the VR and non-VR groups. The results also showed, however, significant differences in the workout length, distance traveled, and time to reach 16 on the RPE scale. We inferred from the study's results that the VR exercise bike stimulated motivation, interaction, and excitement that traditional equipment lacked. In addition, no negative human physiological responses to this new category of fitness equipment were identified. After the previous research, this study focused on the psychological benefits of VR in rehabilitation therapy. Patients suffering from spinal-cord injury participated in this study and underwent rehabilitation therapy using an exercise bike. The experimental and control groups' basic information is provided in Table  1 . Table 2 lists the 2 groups' results on the psychological items before receiving the designed rehabilitation therapy. There was no significant difference (P > .05) between the 2 groups in basic physical and psychological conditions, as well as basic information, meaning that the 2 groups were equivalent, and thus the influence of rehabilitation therapy with incorporated virtual environments could be investigated with a between-subjects design.
During the therapy, subjects were asked to state their self-perceived physical strength and their heart rate was recorded. The experimental results are presented in Table 3 . The patients' RPE and average heart rate were not affected by virtual environments, and these findings demonstrated no statistically significant difference between the experimental and control groups for disabled patients' RPE and physical workload. The difference in average endurance between the 2 groups, however, was considered statistically significant (P = .002). The therapy sessions in the experimental group were longer than in the control group, indicating that the therapy was extended when an auxiliary VR device was included, and the difference between the results of the experimental and control groups was statistically significant. The AD-ACL questionnaire was used to compare the patients' mood conditions between the different groups after they undertook the designed rehabilitation therapy. Four subcategories including energy, tiredness, calmness, and tension were measured, and the results are listed in Table 4 . There was a significant difference between the 2 groups in tension (P = .036) and calmness (P = .042). The VR-based rehabilitation therapy did calm and relax disabled patients. The auxiliary VR device attracting the patient's attention might have improved patients' mood and encouraged them to undergo rehabilitation therapy. The subjects felt less tension and more calmness after the VR-based rehabilitation, possibly because they did not feel as though they were participating in a rehabilitation therapy. Traditional physiotherapy might be a repeated, less dynamic program, and subjects might feel more pressure when they face cold, lifeless rehabilitation equipment. When subjects cycle in an interactive virtual environment, however, they enjoy the cycling, not considering it a therapy. Improved subject mood might therefore prolong endurance. Similar results were found by Riva 24 ; a patient with a spinal-cord injury responded to a VR-enhanced orthopedic appliance with an improved mood. Studies 25, 26 have also demonstrated that the combination of VR and exercise might promote the mood benefits of exercise in healthy people. In studies of sport rehabilitation and exercise, it was found that improving psychological mood played an important role in enhancing performance and adherence. 27 Therefore, the ramifications of the AD-ACL questionnaire in this study are supported by published literature. On the other hand, subjects were asked to pedal at their own speed for as long as they could during the cycling with or without VR device. It was hard to ensure that all subjects would cycle as long as they could. If subjects did not try their best, they would cycle for shorter periods. They might feel less tension from the short bout of cycling. This was a limitation of this study. In addition to rehabilitation and exercise, VR has been used in pain control in clinics to alter patients' pain perception. 8, 28, 29 To investigate simulator sickness from an auxiliary VR device in rehabilitation therapy, an SSQ questionnaire was used to compare the patients' symptoms in different groups. Table 5 shows the test results of SSQ in nausea, oculomotor problems, and disorientation and the total score for the experimental and control groups. The Mann-Whitney U test results showed no statistically significant difference between the 2 groups. VR might cause some users to experience side effects such as disorientation, nausea, and ocular problems 30 during and after exposure to it. These side effects, referred to as simulator sickness, are a common problem that has limited the use of VR in clinical rehabilitation. No such effects were found after our experiment, however, and patients did not feel severe discomfort, reporting only slight or moderate sweating. We might therefore reasonably conclude that the VR-based rehabilitation did not cause ill effects or simulator sickness.
VR proved helpful in easing patients' tension and inducing calmness and thus benefited disabled patients' psychology in this study. A limitation of VR is that its quality might affect patients' level of immersion in a virtual world. The psycho-logical benefits to patients could vary with different VR devices. In addition, only patients suffering from spinal-cord injury were recruited. The study could have been improved if patients suffering from various other injuries had also participated. These restrictions make further study worthwhile.
Future research should emphasize various injuries suffered by patients and recruit more patients to explore the factors affecting the psychological benefits of virtual rehabilitation. In addition, the relationship between psychological factors and motivation should be further investigated using tools such as the Patient Rehabilitation Motivation Questionnaire. 31, 32 Viewed in this light, the results of this study could contribute to efforts to design a more effective virtual rehabilitation environment to help therapists and patients in rehabilitation.
